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Purinergic transmission has been found to play a key
role in the neural control of rhythmic swimming
behaviour in Xenopus embryos; it may have similar
importance in other vertebrate motor behaviours.
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Every living cell contains a high concentration of ATP,
and a wealth of evidence gathered over the last twenty
years or so has shown that extracellular ATP can influence
the function of many biological systems via the activation
of either ionotropic (P2X) or metabotropic (P2Y) puriner-
gic receptors. A recent study [1] has now shown that the
purinergic transmitters ATP and adenosine (a breakdown
product of ATP) are intimately involved in the control of
the swimming pattern in the Xenopus embryo, implying
that these transmitters may play a general role in the
generation of rhythmic motor patterns in vertebrates, and
thus extending further the biological significance of the
seemingly ubiquitous purinergic transmission.
When a newly hatched Xenopus tadpole takes its first
swim, it uses one of the best-characterized motor pattern
generators in the vertebrate world. The Xenopus embryo
has become a standard vertebrate preparation for studying
locomotor behaviour. Two main forms of tadpole locomo-
tor behaviour have been identified — swimming and
struggling. This limited repertoire of motor behaviour can
be attributed in part to there being a relatively small
number of anatomically distinct neurons (eight in total [2])
controlling this behaviour, and also to the simplicity of the
neuronal networks involved. The neuronal networks are
referred to collectively as the central pattern generator,
which to date has only been partially defined.
The Xenopus central pattern generator resides in the spinal
cord (see [3] for review), each half of which contains
antagonistic motor centres that generate tonic depolariza-
tions during swimming. The two centres in each half of
the spinal cord communicate with each other via recipro-
cal inhibitory glycinergic commissural interneurons so that
when neurons in one half of the centre are firing, neurons
in the antagonistic centre are inhibited, and vice-versa.
Every swimming cycle, one action potential is fired from
neurons in each motor centre. Ionic currents that contri-
bute to the shaping of the firing patterns in this central
pattern generator have been characterized, and include a
fast Na+ current, a mixture of kinetically similar Ca2+ cur-
rents and several outward K+ currents, including a tran-
sient K+ current, Na+-dependent and Ca2+-dependent K+
currents and delayed rectifier K+ currents [4]. Despite the
characterization of these currents, and of the neuronal cir-
cuitry involved in the generation of the swimming behav-
iour, the exact manner by which the various ionic currents
help to shape and define the motor pattern remains
unclear. 
Dale and Gilday [1] have now provided a major new
insight into motor pattern generation in ‘spinal’ Xenopus
embryos — in which the spinal cord is disconnected from
the brain — by showing that, during swimming episodes,
ATP activates P2Y receptors. The effect of this is to
reduce the activity of voltage-gated K+ channels, leading
to an increase in excitability of the neuronal circuitry and
an increase in the length of swimming episodes. The
results suggest that, during the early stages of swimming,
levels of ATP are high relative to adenosine, and enhance-
ment of neuronal excitability would be the predominant
effect of this. As swimming proceeds, however, ectonu-
cleotidases in the extracellular space would lead to the
generation of adenosine as a result of ATP hydrolysis, so
that adenosine levels would rise.  Adenosine, acting via P1
receptors, then causes a reduction in the activity of
voltage-gated Ca2+ currents and thus a reduction in the
length of the swimming cycle. Towards the end of the
swimming cycle, K+ channel activity increases to the point
where inhibition outweighs excitation, and motor activity
runs down until it terminates.
Dale and Gilday [1] have been able to measure quantita-
tively the effects of P1 and P2Y receptor activation on the
ionic currents in single isolated neurons, and upon the
motor pattern in the intact Xenopus embryo. Because the
neuronal circuitry of the central pattern generator has
been shown to be very sensitive to the balance of inward
and outward ionic currents, Dale and Gilday conclude that
the modest influence of these purinergic transmitters on
K+ and Ca2+ channel activity is, in fact, a highly significant
element in the modulation of normal locomotor behaviour
and movement. 
There is persuasive evidence suggesting that ATP can
mediate fast excitatory synaptic transmission, both cen-
trally and peripherally [5,6]. In the autonomic nervous
system, ATP has been shown to be co-localized in synaptic
vesicles along with acetylcholine and noradrenaline. ATP
has also been shown to be released in a Ca2+-dependent
manner from synaptosomes from several brain regions [7],
and to be present by itself in synaptic vesicles, providing
further evidence that ATP is a transmitter in its own right. 
A schematic diagram of a generalized purinergic synapse is
shown in Figure 1. Following ATP release from presynap-
tic nerve terminals in response to an influx of Ca2+ during
an action potential, ATP can act on the postsynaptic cell
via ionotropic P2X receptors, of which seven different
receptor subunits have now been cloned and sequenced
[8], and cause a fast excitatory post-synaptic current and
hence depolarization of the post-synaptic cell. 
P2X receptor channels in a variety of peripheral neurons
are Ca2+ permeable, which raises the possibility that, if
central P2X receptors are also Ca2+ permeable, then they
could be involved in processes such as synaptogenesis or
synaptic plasticity, and in cell death following trauma, in a
manner similar to N-methyl-D-aspartate (NMDA) receptor
channels. NMDA channels have a similar Ca2+ permeabil-
ity to neuronal ATP receptors [9]. P2X-like purinergic
receptors have also been shown to occur on cholinergic
nerve terminals, where they are thought to enhance trans-
mitter release, following the co-release of acetylcholine
and ATP from presynaptic vesicles.
Following its release into the synaptic cleft, ATP may also
act on presynaptic or postsynaptic P2Y metabotropic
receptors (Fig. 1), of which seven or possibly eight sub-
types have been identified. These receptors are coupled
to signal transduction systems involved in the breakdown
of membrane phospholipids and hence intracellular Ca2+
mobilization [10]. They have a more widespread distribu-
tion than P2X receptors, and can be found in vascular
smooth muscle and endothelium, pulmonary alveoli,
various blood, bone and endocrine cell types, and cells of
the immune system, whereas in general P2X receptors
tend to be located primarily on nerve and muscle cells. 
Despite the multiplicity of P2Y receptor subtypes that
have been cloned, only a small number of physiological
roles have been assigned to these receptors, and a more
thorough characterization has been hampered by a lack of
specific P2Y receptor antagonists. A subtype of P2Y recep-
tor, the P2Y2 receptor (formerly known as P2U) has been
shown to be a possible therapeutic target in the treatment
of cystic fibrosis [11]. Stimulation of these receptors in the
pulmonary epithelium by ATP or UTP leads to the stimu-
lation of Cl– secretion in the airways, which is coupled to
the transepithelial movement of fluid. The effect of these
nucleotides is to prevent respiratory mucus from becom-
ing dehydrated and lung function compromised, which is
one of the features of cystic fibrosis. 
The finding that P2Y receptors may be intimately involved
in the regulation of rhythmic motor patterns [1] represents
an important step forward in unravelling the physiological
significance of this class of purinergic receptor. Further-
more, the recent cloning of genes encoding P2Y receptor
subtypes will help to clarify which of the subtypes are
involved in rhythmic motor behaviour patterns.
Purinergic transmission is further complicated by the fact
that, following its release into the synaptic cleft, ATP can
be hydrolyzed by the extracellularly located ectonucleoti-
dases, to form adenosine (Fig. 1). Adenosine can then act
upon G-protein-linked P1 receptors — four subtypes A1,
A2A, A2B and A3 have been identified by gene cloning —
which can occur both presynaptically and postsynaptically,
but most evidence to date implies these receptors are
presynaptic [12]. In the case of presynaptic receptors,
adenosine is thought to inhibit transmitter release at both
peripheral and central synapses, by inhibiting either adeny-
lyl cyclase or voltage-gated Ca2+ channels, whose activation
normally leads to release of vesicular contents into the
synaptic cleft. The effects of adenosine action on the post-
synaptic membrane are to cause K+ channel activation,
R48 Current Biology, Vol 7 No 1
Figure 1
Schematic representation of a purinergic
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leading to hyperpolarization of the postsynaptic membrane
and a reduction in neuronal excitability.
The inhibition of voltage-gated Ca2+ channels by adeno-
sine is by no means unique to Xenopus spinal cord neurons,
as this mechanism for inhibiting transmitter release has
been reported to occur in a wide range of neuronal prepa-
rations. Taken together with the effects of ATP on P2Y
receptors in the Xenopus embryo, however, the results pre-
sented by Dale and Gilday [1] demonstrate that purinergic
transmission is at the very least an integral component of
the swimming behaviour in the Xenopus embryo and by
analogy may also be extended to other motor behaviours
in higher vertebrates, such as respiration, feeding, groom-
ing, swallowing, scratching and micturition.
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